Abstract-In this study, small perturbation method (SPM) and Kirchhoff approximation (KA) are incorporated into ray-tracing (RT) routines to model multiuser multi-input multi-output (MU-MIMO) channels formed on a rough dielectric terrain. The effect of surface roughness and correlation length, solid soil fractions, moisture content, link range, antenna height, polarization, radiation pattern, and carrier frequency are examined on received power, power delay and angular profiles, root mean square (RMS) delay and angular spread, coherence bandwidth, and coherence distance. Quantitative and qualitative analyses reveal that antenna directionality and terrain undulation and textural composition have significant impacts on the received signal power and channel multipath parameters and, hence, the performance of MU-MIMO terrain-based communication systems.
I. INTRODUCTION
E FFECTIVE deployment of wideband wireless technologies such as multi-input multi-output orthogonal frequency division multiplexing (MIMO-OFDM) systems requires proper understanding of spatial and temporal characteristics of wireless channels [1] , [2] . The transceivers (TRx) in these systems do not have any information about the power, delay, and direction of arrival of each individual path and instead require the aggregate descriptions of the propagation environment including the received power, power delay spread (DS) and power angular spread (AS). Angular dispersion has a major impact on capacity and diversity gain in multi-antenna systems, while it adversely affects the performance of beamforming techniques [3] , [4] . In [5] , the performance of spacefrequency coded MIMO-OFDM is quantified as a function of propagation parameters. The length of cyclic prefix (CP) and fast Fourier transform (FFT) blocks are directly related to the channel delay spread [6] . In underspread channels, the size of CP and FFT can be decreased, which reduces latency and peak-to-average power ratio (PAPR) and increases power and bandwidth efficiency [7] . In [8] , it is illustrated that for a given quality of service (QoS) in an OFDM system, as the channel delay spread increases, the required transmit power decreases. In addition, the authors in [9] prove that for most power allocation and scheduling schemes, OFDM network throughput increases at higher channel delay spread. In [10] , a ray tracing (RT) simulator is utilized in an indoor setting, and it is verified that MIMO channel spatial dispersion can be well predicted using the angular spread. Moreover, channel capacity and spatial diversity order of antenna array systems improve by increasing the angle spread [11] . The study in [2] reveals that larger delay spread introduces a lower block error rate (BLER) and higher angular spread improves the BLER performance in a Long-Term Evolution (LTE) system. In [12] , wideband channel measurements in two urban test sites are presented and compared to the results of a commercial ray tracer and errors in the prediction of DS and AS are mainly attributed to limitations in the modeling of surface irregularities.
Multiuser MIMO (MU-MIMO) is a promising technology that uses a large excess of base station (BS) antennas to serve several user terminals in parallel in the same time-frequency resource [13] - [19] . When MIMO channel matrix entries are sufficiently independent, multiple spatial dimensions become accessible for signaling, which offers capacity and multiplexing gain. However, to achieve such a decorrelation, large interelement spacing and a rich scattering environment are required [13] . MU-MIMO pulls together the distributed antennas at the user terminals to enjoy the advantages of MIMO in a much larger scale, even under difficult propagation conditions [7] . Hence, MU-MIMO is an ideal candidate 5G technology for highway and rural macrocell deployments where there is limited infrastructure and unfavorable propagation conditions. MU-MIMO can drastically increase the capacity by aggressive spatial multiplexing. It can also increase the energy efficiency by several orders of magnitude by concentrating power into small regions in space via beamforming [15] , [16] . Such high energy efficiency makes it possible to power the base stations using solar or wind energy in areas where electricity grids are unavailable [17] . The maximum number of orthogonal pilot sequences is proportional to coherence time and bandwidth [18] . Fortunately, microwave MU-MIMO channels in open and rural environments exhibit high temporal stability and large coherence bandwidth, which increases the number of available orthogonal pilots and reduces the sounding process overhead. Simulations at the personal communication services (PCS) band (1900 MHz) show that a billboard-sized base station array can provide 20 Mb/s service to 1000 rural homes [17] . In [19] , a set of over the air experiments were conducted to evaluate the potential of UHF-band MU-MIMO to equip rural areas with high-speed WiFi over unused TV bands.
RT models are extensively used for indoor and outdoor propagation modeling [20] - [23] . Conventional ray tracers render path loss well but neglect the diffuse component, which leads to inaccurate assessment of delay and angular profiles [24] . Rough surfaces diffusely scatter the incident power, which should be accounted for in channel characterization [20] , [21] . Surface roughness has a random nature that is described using statistical techniques. Various techniques have been proposed to incorporate the dispersive effect of surface roughness in deterministic propagation prediction models [4] , [21] , [22] , [25] - [27] . Analytical scattering formulations such as Kirchhoff approximation (KA) and small perturbation method (SPM) are two attractive options, which are readily implemented in a RT routine and offer fast approximate solutions under certain simplifying assumptions [28] . These powerful methods are capable of solving large three dimensional (3D) scattering problems with minimal computational cost and lend physical insight into the underlying scattering mechanisms [28] - [31] . KA performs well for smoothly fluctuating surfaces with a large correlation length while SPM applies to surfaces with small roughness and slopes [22] , [28] , [30] , [31] .
In [32] , a one-dimensional (1D) rough surface is adopted to incorporate the effect of terrain irregularities on a near-ground link. [22] considers a 1D roughness to study the impact of diffuse scattering on inter-user and intra-user correlation of pair-wise channel coefficients in a MIMO system. However, using a 1D rough surface is inadequate when scattering outside the plane of incidence is desired [33] . In [21] , KA is integrated into a ray model to derive the coverage maps in an office setting. Rough surfaces are modeled as perfect electric conductor (PEC), which disregards the electrical properties of indoor materials.
This paper develops SPM and KA-based ray models to investigate the impact of geometrical parameters such as the TRx range and height, soil physical and electrical properties such as roughness, textural composition, and moisture content. Moreover, the impact of antenna parameters such as polarization and radiation pattern on terrain-based MU-MIMO channel characteristic parameters such as received power, power delay and angular profiles, RMS delay and angular spread, coherence bandwidth, and coherence distance are examined. In this study, random terrain roughness is assumed Gaussian with an exponential correlation function. The proposed ray models enable us to study the impact of soil textural composition in terms of sand, silt, and clay fractions and soil water content by adjusting the terrain dielectric constant. Different types of soil are considered and it is realized that the soil particle fractions and, more importantly, its volumetric moisture content can make a notable difference on the electrical properties of the terrain and, hence, the scattered power. The remainder of the paper is organized as follows. In section II, SPM and KA are briefly introduced and implementation of an analytical scattering formulation in a RT algorithm is discussed. Section III presents the numerical simulation results and discusses the impact of terrain physical and electrical properties on the performance of a MU-MIMO system. Section IV concludes the paper.
II. MOBILE CHANNEL CHARACTERIZATION

A. Small Perturbation Scattering Model
The general scattering geometry from a dielectric rough surface is shown in Fig. 1 . Scattered power is divided into coherent and incoherent components. The coherent component dominates for small surface roughness. For large roughness, the coherent component vanishes and the incoherent part becomes more significant. Importance of diffuse scattering in multidimensional channel propagation modeling is highlighted in a recent study [20] . SPM is one of the most employed rough surface scattering solutions, which can be integrated in ray tracing models [28] - [31] . Derivation of the small perturbation theory is based on perturbative expansion of unknown scattering amplitude to an arbitrary order with respect to a small height parameter. Complexity of SPM solution increases steeply as the order of expansion increases but the accuracy of the predictions also improves [30] , [31] .
Here, SPM is applied to a 2D random rough surface in a 3D scattering geometry. The analyses includes bistatic scattering amplitudes up to the first order. SPM formulation used in this work is based on the extinction theory. Derivation details can be found in [30] .
Consider a plane electromagnetic wave of the general form
is incident on a 2D dielectric rough surface. In (1), k i is the incident wave direction that is perpendicular to the electric field direction, e i . k = ω √ με = 2π/λ is the wavenumber in which ω is the angular frequency, μ is the permeability, ε is the permittivity, and λ is the wavelength. The position vector is r = x x + y y + z z. Components of the wavenumber in the
is a random function with zero mean, i.e., f (x, y) = 0. In SPM, rough surface profile, f (r ⊥ ) where r ⊥ = x x + y y, and its derivatives are considered small parameters. These assumptions can be expressed as
1. The first expression ensures that surface variations are small compared to wavelength, while the latter guarantees that slopes are slight. Here, k 1 is the wavenumber of region 1 related to ε 1 (see Fig. 1 ).
First, we consider the incident wave to be horizontally polarized, i.e., e i = e(−k iz ). The zeroth-order scattered field is
In (2), R h is the Fresnel reflection coefficient of TE waves:
k is the wavenumber of region 0, where the source is located, and k 1 is the wavenumber of region 1 (see Fig. 1 ). We also have k i⊥ = k i x x + k iy y. For the case of vertically polarized incident wave, i.e., e i = h(−k iz ), zeroth-order solution is
where R v is the Fresnel reflection coefficient of TM waves:
From (2) and (4) it is noticed that the zeroth-order solutions are the reflected waves from a flat surface.
For the case of horizontally and vertically polarized incident waves, the first order solutions are, respectively, derived as
where F(k ⊥ ) is the Fourier transform of the rough surface profile, f (r ⊥ ). Furthermore, f (1) αβ in which α, β = e, h are the first order scattering terms provided in [31] . First order solution also evaluates the depolarization of the received fields due to inclination of the scattered rays. Thus, whenever non-local effects are negligible, first-order SPM (SPM1) is fairly accurate and higher-order expansions, which sharply increase the complexity of solutions, are unnecessary. We can find the total scattered electric field corresponding to a horizontally polarized incident wave by adding (2) and (6a). Similarly, adding (4) and (6b) leads to the total scattered field for a vertically polarized incident wave.
B. Kirchhoff Approximation
KA is also known as tangent plane approximation (TPA) or physical optics (PO) theory. KA together with SPM are the oldest and the most prominent analytical approaches to study wave scattering from rough surfaces. SPM is suitable for small roughness heights at arbitrary low lateral scale of roughness, whereas KA is valid for any roughness height as long as the lateral scale of roughness is much larger than the wavelength, i.e., large curvature radii. In KA, tangent plane approximation is applied to calculate the surface fields, which results in relatively simple expressions for the scattering field intensities. Here, we briefly discuss the main properties of the model and derivation details can be found in [33] .
The KA angular factor that incorporates the incidence and scattering angles as well as the reflection coefficient of the underlying surface into the scattered field equations is defined as
in which
and R α is the Fresnel reflection coefficient of the flat surface where α = v, h denotes the vertical or horizontal incident polarization, respectively, given by (3) and (5). For a Gaussian surface, the expression derived for the scattering field intensity corresponds to [33] ρρ
where denotes statistical expectation. A = l x l y is the area of the mean scattering surface. Surface dimensions are assumed much larger than the surface correlation length for statistical stationarity that is necessary for stochastic handling of the scattering problem. ρ 0 = sincυ x l x sincυ y l y is the scattering coefficient of a plane surface of extent A in which sinc(x) = sin(x)/x. L is the correlation length of the roughness and υ xy = υ 2 x + υ 2 y . g = σ 2 υ 2 z is called the Ament coherent scattering loss factor that can be used to divide surfaces into three broad categories, namely, slightly, moderately, and very rough surfaces. Next, for each of these categories, the series solution in (9) is examined.
Slightly rough surfaces have g 1, for which the series solution in (9) converges quickly and only the first term needs to be considered. Surfaces for which g ≈ 1 are categorized as moderately rough. The series converges relatively slowly and several terms should be taken into consideration to obtain a solution. Surfaces for which g 1 are regarded as very rough.
This limit is sometimes referred to as deep phase modulation because the surface roughness drastically alters the phase of the scattered waves. In this case, series solution in (9) is of minimal use and the results in this limit may be obtained by considering geometrical optics (GO) theory as follows [30] ρρ
To derive the scattering field expression, it is assumed that surface has no infinite gradient and surface dimensions are much larger than surface correlation length, L, which is in turn much larger than λ. Shadowing effect is also included in our model using a shadowing function that has been widely used to modify the bistatic scattering coefficients [34] 
s is the mean surface slope defined as s = √ 2σ/l for a Gaussian rough surface [30] . erfc is the complementary error function.
C. Ray Tracing Simulations
Two self-programmed ray tracing routines based on SPM and KA are developed in this study. Evaluation of the diffuse energy is subject to the following assumptions: (1) incident electric field is plane and linearly polarized; (2) antennas are located in the far-field of the rough terrain; (3) antenna elements are omni-directional point radiators; (4) side lengths of the scattering tiles are much larger than the roughness correlation length to ensure statistical stationarity, i.e., l x , l y L [21] , [31] ; (5) rough surface profile has a Gaussian height distribution; (6) surface roughness is statistically isotropic; (7) As shown in Fig. 2 , to implement the scattering formulation in the RT model, the computational domain is divided into small tiles whose side lengths are 20 surface correlation lengths. Now, the wave propagated from the point source can locally be assumed plane. Amplitude of the plane incident wave is calculated at the center of each tile and maintained constant over the entire surface of the tile. This representation reduces the spherical wavefront to a locally plane one so that the formulation of SPM and KA can be applied to calculate the diffusely scattered energy from each tile. Next, to find the total scattered field, the contribution from all segments with different phases and directions of arrival are summed at the observation point. Both RT tools generate 2D random rough surfaces with normal height distribution. They can deal with vertical and horizontal incident polarizations. The proposed models consider a dielectric terrain instead of a PEC that is an important improvement compared to similar tools, e.g., [21] , [22] . Furthermore, the depolarization of scattered waves is taken into account. Thus, impact of electrical properties of the terrain on the communication channel that has been underestimated in the previous studies can be closely investigated.
Scattering tiles are characterized by their lengths in x and y directions, l x and l y , respectively, surface RMS height, σ , roughness correlation length, L, and effective permittivity, ε r , of the underlying dielectric layer. σ represents the standard deviation of the height of the rough surface irregularities in terms of wavelength. L is the distance between two statistically independent points on the surface and is a measure of the density of the surface variations. ε r is a function of the soil texture, moisture content, frequency, and temperature.
D. Soil Parameters
To study the impact of soil textural composition and moisture content on the wireless channel parameters, a dielectric mixing model is required to describe the macroscopic dielectric behavior of the soil system. The soil mixture is comprised of solid soil particles, water and air voids. Depending on the particle size, soil solids are classified as sand for particles with diameters in the range of 0.05 and 2.0 mm, silt including the soil particles of diameters in the 0.002 to 0.05 mm range, and clay for particles with diameters smaller than 0.002 mm [35] . Textural composition refers to soil solids fractions. The water contained in the soil is divided into bulk water and bound water. Bound water molecules are held firmly by the soil particles and are located in the first few molecular layers adjacent to the particle surfaces referred to as the Stern layer. Bulk water or free water molecules are located in the so-called Gouy layer and are far enough from the soil particles to freely move within the soil medium. Due to the forces acting on a bound water molecule, it exhibits a distinct dielectric dispersion spectrum from a free water molecule, which leads to dissimilar interaction with electromagnetic waves. The ratio of the bound water to free water is proportional to soil specific surface area A s . Clayey soil has a higher A s and, therefore, higher bound water quotient, whereas sandy soil has a lower A s and, thus, a higher free water quotient.
The model exploited in this work is a widely used semiempirical dielectric mixing model of the form [36] - [38] :
where ε is the relative dielectric constant of the soil mixture with real part ε and imaginary part ε ; m υ = ρ b m g is the volumetric moisture content; m g = W w /W d is the gravimetric moisture content; ρ b = W d /V is the bulk density of the dry soil in grams per cubic centimeter, which can be found using [39] ; ρ s is the specific density of solid soil particles; W d , W w , and V are the weight of the dry soil, weight of water, and volume of soil mixture sample, respectively; ε s is the dielectric constant of the soil solids; α = 0.65 is an empirically determined constant; β and β are texture-dependent empirically determined constants; S and C are the mass fractions sand and clay, respectively; ε f w is the relative permittivity of water with real part ε f w and imaginary part ε f w ; ε ω0 = 80.1 is the static dielectric constant of water; ε ω∞ = 4.9 is the optical limit of dielectric constant of water; f is the frequency in Hertz; ε 0 = 8.854 × 10 −12 F/m is the permittivity of free space; σ e f f is the effective conductivity of the soil mixture; τ ω is the relaxation time of water that is equal to 9.231 × 10 −12 at room temperature, 20 • C; T is the temperature in Celsius. 
III. RESULTS AND DISCUSSION
In this section, the proposed SPM ray model is used to analyze the effects of surface statistical and electrical properties on the received power, power azimuth spectrum, RMS delay and angle spread, coherence bandwidth, and coherence distance. Next, KA ray model is used to study the impact of antenna directivity and polarization, and carrier frequency in a terrain-based MU-MIMO communication system.
A typical scattering environment is presented in Fig. 2 . Here, the rough surface is Gaussian with exponential correlation function. The computational domain is typically 500 × 500L 2 , in which L is the correlation distance that is segmented into a 
total of 25 × 25 tiles in x and y directions. Side lengths of each tile is 20L, which is large enough to provide a locally planar phase-front for the incident wave and ensures the stationarity of the rough surface [31] . The simulation parameters for SPM ray model are as follows, unless otherwise specified: 100 random rough surfaces are generated for Monte Carlo simulations; TE polarization is assumed; Tx antenna height is 50λ while Rx element height is 10λ and both are isotropic radiators; silt loam with 17.16% sand, 63.84% silt, and 19.00% clay represents the terrain dielectric. Typically, a dry silt loam with 0.05 cm 3 /cm 3 volumetric moisture content corresponding to a relative permittivity of ε = 3.7 + 0.3i at 900 MHz and a wet one with 0.3 cm 3 /cm 3 volumetric moisture content corresponding to a relative permittivity of ε = 16.8 + 1.8i at 900 MHz are used in the simulations.
In Fig. 3(a) , we study the effect of soil solids composition on the power scattered from the terrain. Here, TM polarization is assumed. Dry soil solids exhibit the same dielectric features while wet soil systems show very distinct dielectric properties [35] ; hence, relatively high water content of 0.3 cm 3 /cm 3 is assumed so that the impact of altering soil solid fractions on scattered power manifests itself better. Soil textural composition impacts scattered energy at Rx via changing the macroscopic dielectric behavior of the soil medium. In the simulation setup, silt fraction is fixed at 40%, while sand and clay fractions sweep an identical range of 5% to 55%. As the sand content increases from 5% to 55%, dielectric constant of the soil system changes from ε = 16.12 + 2.93i to ε = 22.55 + 1.48i. It is observed that increasing the sand content, increases the scattered power. Moreover, we notice that the scattered power increases by increasing the undulations height or increasing the surface correlation length. Fig. 3(b) depicts the influence of moisture content on the received power. The scenario is similar to the latter case but here we choose a specific soil particle distribution and alter the volumetric moisture content. A textural class with a higher A s and, therefore, a higher clay fraction is picked so that the effect of adding water to the soil system is clearly observed. Silty clay with 5.02% sand, 47.60% silt, and 47.38% clay represents the terrain dielectric in this case. As the moisture content changes from 0.1 to 0.5 cm 3 /cm 3 , the dielectric constant of soil changes from ε = 5.02 + 0.87i to ε = 32.60 + 4.50i. Increasing the moisture content noticeably boosts the scattered power [40] . It is illustrated that increasing the water content from 0.1 to 0.5 cm 3 /cm 3 leads to an almost 10 dB increase in the scattered power. At this point it becomes clear that considering the impact of dielectric soil system is crucial and any result derived from a PEC ground is subject to major errors. It is also observed that the scattered power increases by increasing the undulations height and increasing the surface correlation length, which is in agreement with the previous result.
To study the effects of surface undulation height and correlation length on power delay profile, polynomial regression fits of the normalized received power are plotted versus excess delay in Fig. 4(a) . Here, TRx distance is 100λ, Tx height is 50λ and Rx height is 10λ. The received power from the LOS path is normalized to 0 dB and all other multipath components including the reflected power are normalized accordingly. The Plot suggests that as surface roughness and surface correlation length increase, the power of multipath components augments, which is attributed to the wider spread of the scattered power on the rough terrain [22] .
In Fig. 4(b) , power azimuth spectrum of a rough terrain is evaluated. Here, the set up is similar to Fig. 4(a) ; the power received from the direct path is suppressed because we are merely interested in the effect of surface roughness on power azimuth spread. The received power from the specular reflection path is normalized to 0 dB and all other multipath components are normalized accordingly. It is observed that as roughness increases, more energy is received from incoherent paths, which is in agreement with our observation in Fig. 4(a) . Moreover, it is noted that the contribution of non-specular components in the total received power increases as undulation height increases. It is found that increasing surface roughness increases the RMS delay and angular spread, while it decreases the coherence bandwidth. The direct path component has a significant impact on decreasing the RMS delay and angular spread, and increasing the coherence bandwidth. Further, varying the surface correlation length exercises a weaker influence on the RMS delay spread and coherence bandwidth compared with varying the undulation height [41] . Fig. 5 demonstrates the effect of TRx distance on LOS azimuth angular spread at the mobile station (MS) side. Advantages of MIMO technology lies in the addition of spatial diversity. Inspecting the AS is vital as it determines the coherence distance that in turn specifies the antenna spacing required to achieve higher rank gain matrices in multi-antenna systems. In Fig. 5(b) , as the TRx distance increases, angular spread decreases. It is also observed that higher roughness height always leads to higher angular spread. When TRx distance increases, the scattered power decreases much faster than the direct power. Hence, the mean value of K increases with distance, in which K is the ratio of the direct power to diffuse power, leading to reduction of the angular spread. Fig. 5(c) reveals the impact of soil moisture on the AS. It is realized that increasing m υ from 5% to 30% widens the AS by almost two-fold, which is mainly attributed to the amplification of the scattered field strength from rough terrain. Fig. 6 illustrates the impact of Rx height on LOS azimuth angular spread at the MS side for two different water volume contents. The distance is 50λ. As Rx height increases, AS decreases. This effect is brought about by an increase in K similar to the previous case. Table I offers a qualitative summary of the impacts of geometrical and electrical parameters on channel properties that are examined in this study. It is noted that electrical properties of the soil system modifies the phase angle of the scattered field as well as the ratio of the energy received from direct and indirect paths that in turn alters the temporal and angular distribution of power in the LOS scenario.
In the next step, KA ray model is used to simulate a terrainbased MU-MIMO communication system. Antenna arrays are simulated using directional horn antennas. The transmit array is either isotropic or directional with a directionality of 25 dBi and horizontal beamwidth of 10 degrees. The receive antenna is assumed isotropic. Transmit and receive beams are assumed perfectly aligned. Terrain dielectric is ε = ε r − i60κλ where for average ground the dielectric constant is ε r = 15, conductivity is κ = 0.005 mhos/m, σ = 1.13 cm is the roughness RMS height, and surface correlation length is L = 7.39 cm [42] , [43] . Simulation frequencies are 300 MHz, 900 MHz, and 2.6 GHz; access point height is 10 m unless otherwise stated; user equipment height is 1.5 m. Fig. 7 (a) studies the effect of antenna directionality and carrier frequency on the received power. TM polarization is assumed. Directional beamforming antennas at the base station have a directionality of 25 dBi, while the receive antenna is isotropic. Beamforming not only decreases the path loss, but also reduces the power fluctuations around the median received signal especially for shorter links. This is because when directional antennas are used, most of scatterers fall outside the antennas beamwidth and, therefore, transceivers do not see them. Moreover, at lower frequencies, path loss median and oscillations are diminished. Fig. 7(b) shows that the dips and valleys are larger for TE polarization, which indicates higher scattered power (see [44] , page 221). Increasing antenna heights also flattens the received power curve, as depicted in Fig. 7(c) . At lower angles, in conformity with Rayleigh criterion, the terrain surface appears electrically smoother that leads to higher reflection and larger interference with the direct component. Fig. 8 demonstrates the impact of antenna polarization, carrier frequency, and base station height on the chip power in NLOS links versus separation of the terminals. First column in each plot represents the power received from the specular direction, whereas the remainder of power is received from scatterers around the specular direction. Fig. 8(a) serves as our reference and in each of the subsequent plots one of the simulation parameters is altered while the others are kept unchanged to study the impact of each parameter individually. When terminals are moved away from each other, both the reflection and scattered powers decrease. However, the scattered power falls off much faster because it is inversely proportional to the squared product of distances between scatterers and terminals while the reflected power is inversely proportional to the squared addition of those distances [45] . As the carrier frequency decreases, the surface appears electrically smoother, so the specular power increases, while the diffuse power decreases. Lowering the access point height increases the incidence angles on the rough terrain, which reduces the scattered power. Nonetheless, at small ranges, this reduction is compensated by bringing the scatterers closer to the Tx. Fig. 8(d) shows that the scattered power is less for TM polarized antennas compared to TE polarized antennas (see [46] , page 437). The Brewster effect along the specular direction is also noticeable.
Power delay profile (PDP) is used to compute the RMS delay spread, which is an important measure that impacts inter symbol interference (ISI) and determines achievable frequency diversity of wireless channels. Fig. 9 illustrates the non-line-ofsight RMS DS versus range for various antenna directionalities and polarizations. The directional link is equipped with a transmit array with a directionality of 25 dBi. Most of scatterers, especially those located at shorter distances, fall outside the beamwidth of the directional transmit antenna. This drastically reduces the RMS DS and hence increases the channel coherence bandwidth. Moreover, at higher frequencies and higher access points, the RMS DS increases.
IV. CONCLUSION
In this work, SPM and KA are implemented in a ray tracing algorithm to study the effect of terrain physical properties and antenna radiation pattern and polarization on the propagation loss, delay and angular spread, and bandwidth of a MU-MIMO channel. Dielectric properties of the underlying surface are also included in the proposed model to further improve the accuracy of ray tracing simulations. The main conclusions of this study are as follows: (a) Higher surface RMS height increases the incoherent component of the scattered field and decreases the coherent component; (b) increasing TRx distance decreases the received power; (c) as the height of Tx and/or Rx increases, effect of surface roughness on the received power diminishes; (d) increasing the fraction of larger particles in the soil mixture boosts the scattered power; (e) increasing the soil moisture content augments the scattered power; (f) increasing undulations height has a noticeable impact on increasing the RMS delay and angular spread that increases the channel frequency selectivity and decreasing the coherence distance; (g) channel bandwidth has a higher sensitivity to the variation of surface roughness height rather than surface correlation distance; (h) directional antennas boost the received power and coherence bandwidth; (i) increasing the carrier frequency reduces the received power and coherence bandwidth; (j) the scattered power and the delay spread are larger for TE polarized antennas.
This study highlights the significance of diffuse scattering in multiuser multi-antenna communication channels with applications in highway and rural macrocells, wireless sensor networks for environmental monitoring, near ground communication between TRx working above a dielectric rough terrain, and body surface to external device channel modeling. Future work will investigate the impacts of multilayer dielectric roughness and ground proximity on the performance of multi-antenna systems.
